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development, and is not intended to advertise or promote any gene
therapy products mentioned herein
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1. A Recent History of Gene Therapies (GTx)

a) Scientific principles and mechanisms of action
b) Overview of genetic diseases

c) Principles of immunology

d) Clinical pharmacology of GTx

e) Regulatory designations for GTx

f)  Ethics

g) Trajectory of product approval since 2012

2. Clinical Development of GTx

a) Preclinical elements

b) Trial design & analysis

c) Challenges and opportunities in neurology
d) Options for ultra-rare GTx development

e) Dose finding

f)  Adaptive endpoints

g) Long term follow-up / platform studies



Gene Therapies

Approach Virus Nanoparticle Enzyme complex
7 . . iy Example Adeno-associated virus (AAV) [ Liposomes encapsulating Ribonucleoprotein (RNP)
Gene therapy IS a teChnlque that mOdIerS a packaged with DNA encoding | mRNA & sgRNA complex of Cas9 protein and
) . ” Cas9 & sgRNA sgRNA
person’s genes to treat or cure disease.” —FDA = o e —
Advantages Extremely effective; prior use | Straightforward to prepare; Short lifetime and lower risk of
with classic gene therapy low immunogenicity off-target cutting

https://www.researchgate.net/publication/320339544 The Promise and Challenge of In Viv
o Delivery for Genome Therapeutics

Major differences between cell/gene therapies and traditional pharmaceutical products

(LMW/ other biologics): %
+  GTx are (so far) one-time administrations r

«  Source of safety signals is manifold: delivery mechanism, transgene insert, promoter, over/under
expression

« ADME is a fundamentally different concept (biodistribution/shedding)

+  CMC is major challenging for GTx

«  Traditional study phases 1,2,3 often will not apply

*  Dose finding is often constrained

«  Often orphan, pediatric diseases, novel endpoints 0

Center for Biologics
Evaluation and Research

EUROPEAN MEDICINES AGENCY

SCIENCE MEDICINES HEALTH

Committee for Advanced Therapies (CAT)


https://www.researchgate.net/publication/320339544_The_Promise_and_Challenge_of_In_Vivo_Delivery_for_Genome_Therapeutics
https://www.researchgate.net/publication/320339544_The_Promise_and_Challenge_of_In_Vivo_Delivery_for_Genome_Therapeutics

Development Landscape

The majority of GTx to treat rare diseases
In pipeline are oncology and neurology

www.asgct.org/publications/landscape-report
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Source: https://www.fda.gov/vaccines-blood-biologics/cellular-gene-therapy-products/approved-cellular-and-
gene-therapy-products

Global Status

Preclinical 1,493 1,539 1,522 1,528 1,471

Phase | 245 240 256 270 301

Phase I 247 260 267 274 282

Phase Il 30 30 30 33 35

Bre=
registration

Total 2,022 2,075 2,082 2,111 2,093

Source: Pharmaprojects | Citeline, April 2024


http://www.asgct.org/publications/landscape-report

Mechanisms of Genetic Disorders

The many ways genes can create disease means there is not just one mechanism of action for GTx

can follow the pattern of

linked
recessive

Inversion Translocation

‘
1

such as such as
| 5uch as such as

[Huntington's disease] / / \
Klinefelter C du chat

[Down syndrome] ST:;fggr;e ri- | Hemophilia A l Red-green

Tay-Sachs ’ Y color blindness

Fibrosis l

trisomy \ ’ deletlon in
Sickle-cell 21 l XXy | | chromosome 5

Anemia (Phenylketonuria J

Autosomal
: uplication >
(oeptcation ] (Non-dsjuncton)
| \ |

https://medium.com/the-21st-century/human-genetic-disorders-leading-cause-of-deaths-from-an-awareness-
perspective-48c95dad9ees



Adrenoleukodystrophy (ALD) @
Fatal nerve disease

Azoospermia
Absence of sperm in semen

Example Genetic DisordersSeas.

of the muscles Gaucher Disease ®

A chronic enzyme deficiency
occurringfrequently among
Ashkenazi Jews

® DNA test currently available

Hemophilia A e
Clotting deficiency

Ehlers-Danlos Syndrome
Glucose-Galactose ® Connectlve tissue disease
Malabsorption Syndrome
Potentially fatal digestive

disorder

HEALTH
‘It Will Consume Your Life’: 4 Families Take On
Rare Diseases

Confronted by illnesses that most scientists overlook, these families had
to work out their own approaches to find treatments.

Retmms Pigmentosa @
Progressnve degeneration

Amyotrophic Lateral Sclerosis (ALS) @ of the retina

Late-onset lethal

By Gina Kolata
degenerative nerve disease Huntmgton Disease ®
. Lethdl late-onset, nerve
ADA Immune DEf'C_'e_“Cy o degenerative disease
First hereditary condition
treated by gene therapy
JNE 23, 2828 | BREAN BARRETT Familial Adenomatous Polyposis (FAP) @
' : Familial Hypercholesterolemia ® Intestinal polyps leading to colon cancer
My Friend Was Struck by ALS. To Fight Back, Extremely high cholesterol Y ,
A X 19 Hemochromatosis ®
He Built a Movement Myotonic Dystrophy e Abnormally high absorption
At 37, Brian Wallach was diagnosed with the fatal disease. So Form of adult 20 of iron from the diet
AP . . muscular dystrophy 5
he tapped a lifetime of connections to give help and hope to 19 . bell .
fellow sufferers—while grappling with his own mortalit <dosi Human 6 Spinocerebellar Ataxia o
€ grappling Y. Amyloidosis e —_— h Destroys nerves in the brain and spinal
Accumulation in the tissues @Q 18 ciiromosome 7

e — cord, resulting in loss of muscle control
of an insoluble fibrillar protein number 8 \

Cystic Fibrosis ®
May 6 HEALTH . . N
. . . 2 Neurofibromatosis (NF1) @ Mucus in lungs, interfering

First Patient Begins Newly Approved Sickle Cell Benign tumors of nerve

with breathing
Gene Therapy 5 tissue below the skin 14 13 12
A 12-year-old boy in the Washington, D.C., area faces months of - Werner Syndrome o
procedures to remedy his disease. “I want to be cured,” he said. ’ Bor east Cancer ® Premature aging
By Gina Kolata and Kenny Holston o B 5% of all cases
Pol ic Kidney Di Melanoma °
olycystic Kidney Disease . Tumors originating in the skin
PRINTEDITION Hope for Sickle Cell Gene Therapy | May 14, 2024, Page D1 s 8

Cysts resulting in enlarged kidneys
and renal failure Mulnple Endocrine Neoplasia, Type 2 ®

. Tumors in endocrine gland and other tissues
Tay-Sachs Disease ®

Jan.23 HERLEES Fatal hereditary disorder
. R . Slckle-Cell Anemia e
Gene Therapy Allows an 11-Year-Old Boy to Hear involving lipid metabolism Chronic inherited anemia, in which
for the First Time often occurring fn Ashkenazt red blood cells sickle, clogging

Jews Alzheimer Disease arterioles and capillaries
e P teionuria PK0) «
yP y An inborn error of metabolism;

Retinoblastoma @ if untreated, results in mental retardation
Childhood tumor of the eye

The genetic treatment targeted a particular kind of congenital deafness
and will soon be tried in children who are younger.

By Gina Kolata

PRINTEDITION Innovative Use of Gene Therapy Lets Boy Hear for the First
Time | January 24, 2024, Page Al 8

By Irop MeTtkos - Own work, CCO, https://commons.wikimedia.org/w/index.php?curid=57928376



Target Tissue/ RoA/ MoA are Variable

single-stranded DNA with therapeutic gene

ITR ITR
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promoter therapeutic gene

- capsia Ditps://www.nature.com/articles/d42473-018-00307-6

Goal is to get “normal” amount of protein expression in
the appropriate cell

Multiple MoAs (gene replacement, gene/base editing,
insertion/excision, knockdown, epigenetic, etc.)

Intraparenchymal
deliver
3 —\ 1
Intranasal delivery f—\

- : CSF delivery '
"\-_ ) (1: intracerebroventricular,
R N Kz: intracisternal, 3:intrathecal)

1: Subretinal; 2: Intravitreal; b i -
+ vE

3. intracameral; 4: Suprachoroidal,

Intravenous
delivery
| Delivery to the cochlea: 1
1: Round window membrane; A\
2: Oval Window; 3: Transcanal; 14 g
4: Cochleostomy | I 1

Spinal cord
delivery

Intramuscular
delivery

Hudrey E and Vendenberghe L. Neuron. 2019 Apr
3;102(1):263. doi: 10.1016/j.neuron.2019.03.020


https://www.ncbi.nlm.nih.gov/pubmed/30946822
https://www.nature.com/articles/d42473-018-00307-6
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Very active space (capsid engineering)
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Immunogenicity

AAV
gene transfer

* Immune response can be a safety or efficacy concern
* If immune system attacks virus before transduction then the
therapy is inactivated!
* Could lead to exaggerated immune response
e This can happen with GTx, biologics, even LMW drugs

* Pre-existing anti-AAV antibodies are measured prior to
treatment and if level is too high, treatment may not be given

* What constitutes “too high” is not settled
* Dependent on the assay, so not comparable between trials

https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-
0016(20)30003-4
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https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(20)30003-4
https://www.cell.com/molecular-therapy-family/molecular-therapy/fulltext/S1525-0016(20)30003-4

Immunogenicity (continued)

* Impact of pre-existing anti-AAV antibodies is route dependent (subretinal seems to
have nothing really while intravenous is higher)

* Immunosuppressive drugs can be used prior to study drug administration
* Rituximab, sirolimus, pegcetacoplan (?)
e Other experimental approaches to immune modulation:
e anti-FcRn antibodies that reduce IgG levels;
* |gG cleaving enzymes from streptococcus pyrogenes (IdeS);
* “cloaking”—encasing AAV in exosome to minimize interaction with NAbs;
* immunoadsorption (depletion of anti-AAV IgGs with plasmapheresis)

* Anti-transgene antibodies are a possibility
* Body can view endogenous proteins never before expressed as “foreign” and attack them

* Besides enormous cost, |G is why gene therapies are often one-time administrations



eutralization

e-existing AAV Abs
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Innate and Adaptive Immune Responses to AAV Gene Therapy

MDAS

Innate immunity Adaptive immunity

Cytokine
release

Plasma cells

B cells Antibodies

.

APCs Iymphocytes

Opsonization and
complement activation

Effector T-cells
(CD8+)

KERK )
.“‘ Y
BN
.8%e
e

.

Phagocytes DCs il l @
Complement E; i I
NK
cells
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CTLs
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Antibodies to
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Observed Immunotoxicities in AAV gene therapy trials

Clinical observation

Mechanism

Potential mitigation strategies

Reference

Transamipase, elevation 1 week
aftter r&?‘&aadmmlstratlon

Iﬁnate im({nu € response against
the capsid and genome

Corticosteroid treatment, reduce CpG motif
content in transgene, reduce expression in
hepatocytes (tisSue-specific promoter)

Day, 2021; Chand, J. Hepatol 2021

) . Cytotoxic T cell i%lmu ‘if , , ,
Trarksa nase eAi}/agon 3-12 . response a% mst t eA% . Corticosteroid treatment; Immunosuppressive | Nathwani, 2014; Chand, J Hepatol
weeks after rAAV administration PG{F[I €s \?f th associated liver drugs targeting T cells 2021
nflammation

Hepatic failure

Inflammatory T-cell immune
response

Optimize vector tropism: enhance potency
and speglﬁclt%— reduce vector dose, reduce
expression 1n hepatocytes

Feldman, 2020

Myositis/myocarditis

Anti—transggnle1 Immune response
to expressed therapeutic protein

Exclude patients with deletions in dystrophin
N-terminal epitopes present in the transgene

Bonneman, 2022

Thrombotic microangiopathy

Complement dysregulation

B cell depletion/sirolimus; Complement
inhibition

Chand DH, J Pediatr. 2021

T bocyt 1a / platelet
Thrombocytopenia / platele

Innate immune activation

Reduce vector dose; Complement inhibition

Day, 2021

Meriggioli, Matthew N. "AAV Vector Immunogenicity in Gene Therapy: Mechanismes,
Assessment, and Immunomodulation Strategies." Development of Gene Therapies. Chapman
and Hall/CRC, 2024. 147-176.
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Immune Responses to AAV: Underlying Factors and Mitigation Strategies

Vector/transgene product

PAMPs in AAV capsid

Genome

* Transgene DNA

* ds-RNA

*  Self-complementary
vs single stranded
vector

Transgene product

Therapeutic protein

Mitigation Strategies

Capsid and genome engineering
Patient selection (AAV-exposed, CRIM —
negative)

Innate Immunity

Recognition of PAMPs in the
AAV capsid via TLR2 binding

*  Recognition of viral
genome via TLR9

*  dsRNA production
driven (promoter
activity of ITRs) —
MDAS.

Corticosteroids
Complement inhibition
Capsid and genome engineering

Humoral Inmunity

Treatment-emergent
Pre-existing

* None

Antibodies to expressed
therapeutic protein

Immunoadsorption/IgG cleaving enzyme
for pre-existing AAV Abs
Rituximab/sirolimus for treatment
emergent AAV Abs (and for transgene
immunity?)

Complement inhibition

Cellular Inmunity

Cytotoxic T-cell,
Pre-existing immunity
(memory T cells)?

* None

CD8+ T cell responses targeting
therapeutic protein

Corticosteroids

Tolerance induction in liver directed gene
therapy

Engineered TREG (“CAR Treg”)

Host Dependent Factors

Concomitant
infection/inflammation, HLA
haplotype

Pre-existing immunity

* Expression of pattern
recognition receptors
(PRRs)

Patients with null mutations
(CRIM-negative) at increased risk

No recent infection/vaccination
Immunomodulation in CRIM- negative
patients (? tolerance induction)
Exclusion of patients with pre-existing
immunity vs immuno-
depletion/modulation

Vector Dependent Factors

Vector dose

Route of administration
Vector purity

Empty capsid ratio

* CpG content

* ITRs

* Self-complementary vs
single stranded

Transgene product —vs
untranslated product (e.g.,
shRNA, miRNA)

Good manufacturing practices
Minimize empty capsid content in final
product

Reduce CgG content of construct




Biodistribution

Where in the body the virus (not transgene) migrates
to (and persists)

This is the “D” in ADME

Often taken from preclinical animal studies

Droplet digital PCR and qPCR are standard assays
*EMA seems to imply that fewer tissues are required
to be studied than FDA & IPRP

Luxturna label contains organs where vector and transgene
were detected in animals (NHP)

Zolgensma label gives this information in humans
(unfortunately one patient died and was given an autopsy to
determine distribution—human data supersedes any animal
data)

Long Term Follow-Up After
Administration of Human Gene
Therapy Products

Guidance for Industry

International Pharmaceutical
Regulators Programme

@ IPRP

Expectations for Biodistribution (BD) Assessments
for Gene Therapy (GT) Products

Approved by the IPRP Management Committee on 3 June 2018
12 April 2018




Shedding

* Shedding is the secretion of virus outside of the patient (saliva, nasal swab,
tears, urine, feces, sweat)

 The “E” in ADME (but is not a mass balance assessment)
e Assessed periodically in trial similar to serum samples
* Purpose is to assess risk to others, not study subject

10
LUXTURNA Design and Analysis of Shedding

UDRGENE MERAIVONEC Y] Studies for Virus or Bacteria-Based
] vector was shed transiently and at low levels in tears from the injected eye in 45% °
éfui‘;zuil\ll)?ects in Study 2, ant::l occasii)il)ally ( 7f%) from the ursinjected e;e untjil Dtay 3 );mst—45 Gene Thel‘apy and OllCOlyth Pl‘O dll CtS

injection.

= Transient and low level shedding of LUXTURNA may occur in patient tears. Advise patients
and/or their caregivers on proper handling of waste material generated from dressing, tears s
and nasal secretion, which may include storage of waste material in sealed bags prior to Guld an ce fO r Indu Stry
disposal. These handling precautions should be followed for up to 7 days following LUXTURNA

i administration.



US and EU Regulatory Designations

Preclinical

i Benefits: tax benefit,
. protocol assistance,
. market exclusivity 7 years

i Data needed: Prevalence
© <200,000 in US. Clear

. clinical superiority if

| approved drugs in same

' class. MOA, preclinical

Phase 1

EU ODD

Benefits: Sci advice fee
reductions, protocol
assistance, market
exclusivity 10 years

Data needed: Prevalence
<5in 10,000. cannot be
subset of larger disease.
No satisfactory standard
Tx. Some prelim

(Each class has an associated data package)

‘ Phase 2 Phase 3

US BTD | RMAT

Benefits: BTD = all FTD benefits +
i intensive guidance + senior FDA review
i staff. RMAT = all BTD benefits

i Data needed: Clinical efficacy data

| (substantial improvement), apply with

i Ph1/2 data or add’l datacut Ph2. NLT

i EOP2 ]

US Accelerated Approval

ODD: Orphan Drug Designation;
BTD: Break- through Designation;
FTD: Fast Track Designation;
AA: Accelerated Assessment;
PR: Priority Review.

Registration

EU AA

Benefits: Shorter MAA review
period. Under PRIME, eligibility
confirmed during clinical dev
phase. 5 mo vs 9 mo

Data needed: Request submitted
2-3 mo before MAA

preclinical/clinical data

i Benefits: Shorter MAA
. review period (6 mov 10
i mo). Rolling submission

Benefits: Approval based on surrogate
endpoint or intermediate clin endpoint

US FTD

Data needed: Ph2 data to show correlation
between surrogate and clinical outcome.
Confirmatory study needed (Ph4)

 data. Submitbefore IND

| Data needed: significant

i improvement over existing
i Tx. Discuss at pre-BLA,

. request with BLA.

i Benefits: access to FDA
meetings, early advice,

! rolling review, PR and AA

i eligibility.

EU PRIME

: Data needed: ‘Early

i evidence of usefulness’

. using animal or in vitro

. data. Theoretical/
mechanistic rationale, or

i pharmacological data. :

i Discuss at Pre-IND 1

Benefits: Rapporteur appointed — intensive
guidance. Access to AA if sufficient evidence in
Ph1. Need to apply before initiation of pivotal

trial. Eligible for AA, feedback on CA EU Conditional Approval

Benefits: Approval based on less complete data
with complete data after authorization for unmet
med need.

Data needed: Strong evidence of substantial
improvement over existing Tx, typically Ph2
data. Unmet med need.

Data needed: MAA based on incomplete clinical

data, discuss with EMA when Ph1/2 complete 18

(EOP2). Seek agreement on post-marketing

confirmatory study early in development.

Huh, S., D'Souza, V., Balaji, A., & Fiille, H. J. Regulatory Considerations in the Development of Gene Therapy Products. In Development of Gene Therapies (pp. 313-338).
Chapman and Hall/CRC.



The Death of Jesse Gelsinger (1999)

Gelsinger was as a substitute for another volunteer who
dropped out, despite having high ammonia levels that
contraindicated by study inclusion/exclusion criteria.

UPenn failed to report that two patients had previously
experienced serious side effects.

Informed-consent documentation did not disclose deaths of
monkeys given a similar treatment.




Ethical Considerations

Disease Specific Features

Mitigation

Features Specific to Gene Therapy

Rare Severe Pediatric Irreversible Potentially = Immunogenic Lateral Germline Over
Harmful Transmission  Transmission Correction

[ 3K ] o Q\

o © [ ® - _

Use of robust
statistical designs
to acquire as

much information

as possible and
minimize patient
exposure to
investigational
compound.

Quantitative
benefit-risk
assessments
early in the drug
development
process, before
patients have
been dosed.
Equipoise must
be respected
and continually
re-evaluated.

Extra
consideration
to parental
involvement in
writing and
reviewing the
informed
consent
document.

Vi ® U

Sponsors and

health authorities

need to
continually

monitor long-term
effects, and revise

the ICF to reflect
the potentially
long-term
commitment
between patient
and treating
physician.
Maximizing trial
efficiency during
dose-finding.

Collaboration
between
sponsors,
investigators,
and health
authorities in
data sharing and
long-term safety
monitoring
should become
the norm. ICF
must be
transparent
about potential
for risk and
benefit.

Efficient and
statistically
optimal trial
designs should
be evaluated
by sponsors,
reviewing
health
authorities,
and the
broader
scientific
community to
identify
opportunities
for innovation

ne

Health authority
guidance should
be followed in
shedding
studied; optimal
statistical design
could be applied
in this setting to
adjust patient
monitoring.

Robust
preclinical
assessment of
germline
transmission risk
must be
conducted as
part of a
preclinical
package. Risk
could be
disregarded if
potential benefit
to patient is
sufficiently
promising.

Gene therapy
for the use of
cosmetic or
racial or
behavioral
changes should
be outlawed,
and sufficient
penalty for
overriding this
guardrail should
be put in place
at the
international
level.



First Approved Gene Therapy—Lessons Learned

Alipogene tiparvovec (Glybera) was the first gene therapy = g{ybera
approved in the European Union in 2012

Sponsor requested that the primary efficacy endpoint of
triglyceride levels be changed to postprandial
chylomicrons metabolism, and committed to a post-
approval study of previously dosed patients to establish
the validity of the new endpoint

9ene tiparyo

conjunction with manufacturing, regulatory, and access c"chieS'
issues ultimately led to the drug’s removal from the '  _;

European market UniQure

This led to long-term funding commitments and in vec

https://www.liebertpub.com/doi/10.1089/humc.2013.087



2017-2018: Gene Therapy’s Big Year

0@
LUXTURNA

voretigene neparvovecrzyl

for subretinal injection

O KYMRIAH

Suspension

(tisagenlecleucel) forw infusion

[ — =
NDC 0078-0846-19

tisagenlecleucel huranreas * rxony

> 5 Suspension for IV infusion

a KYM R | Q l_,| Cultured, genetically modified

For autologous use only |
Target Total Volume 10mL-50mL per bag Dispense with Medication Guide !
Dosage: See prescribing information.
Contains 2 x 10° to 2.5 x 10° CAR-positive viable T cells
Cryopreserved in: 31.25% (v/v) of Plasma-Lyte A, 31.25% (v/v) of 5% Dextrose/0.45%
sodium chloride, 20% (v/v) of 25% HSA, 10% (v/v) of 10% Dextran 40 (LMD)/5% Dextrose
and 7.5% (v/v) DMSO 7
Store at <-120°C; vapor phase of liquid nitrogen gg’é‘%f“ﬂume
Properly identify intended recipient and product : 01-JAN-2000 |

Do not use leukocyte depleting filter DIN: W1234 17 123456
Do not irradiate. Expiry: 01-JAN-2018
Not evaluated for infectious substances Batch: 123456 ’

Mfd. by: Novartis Pharmaceuticals Corporation i
Morris Plains, NJ 079! PP
U.S. License # 1244
1-844-4KYMRIAH (1
{ NovARTIS

A
Jfolgensma"ﬁ

(onasemnogene
abeparvovec-xioi)

suspension for intravenous infusion

All drugs were approved with fewer than 100 patients dosed (!)



2023-4: Year of Gene Editing
(CRISPR--Clustered Regularly Interspaced Short Palindromic Repeats)

Casgevy and Lyfgenia applications received FDA designations: Priority Review, Orphan Drug, Fast Track and Regenerative
Medicine Advanced Therapy designations

— i
How CRISPR Gene therapy to sickle cell anemia

works
1. 2. 3. 4.
Extract stem cells Infuse stem cells Condition Insert treated
0 : from patient’s bone with normal gene patient’s bone stem cells into
The Cas9 protein . . N
forms a complex with s marrow for hemoglobin marrow to receive patient

guide RNA in a cell new stem cells

e This complex attaches to
a matching genomic DNA
sequence adjacent to a spacer

(yellow segment) Guide RNA

,\ ﬁlTﬂllHHHlMl TTTTTTTTTTITS /\
/ /N G AN \

e The Cas9-RNA

complexcutsthe T M A FTTTTTIIIT
double strands of  ghibihbbbbbbbbbbbbbbbll "' WLLLLLLLLLLL,
the DNA

OProgrammedDNAmay T T L T HEALIHLINE

be inserted at the cut W o' ALLLLLLLLLLLL

Oromtitins Buk: https://pwonlyias.com/current-affairs/casgevy-therapy-a-gene-therapy-for-sickle-cell-disease/

https://www.cambridge.org/core/journals/mrs-bulletin/news/crispr-implications-for-materials-science



Ca Sgevy ( exd ga M g | Oge ne au tOte meoee I ) https://www.fda.gov/media/173472/download
Patients Treated With Exa-cel Achieved Clinically

Meaningful and Durable Benefit Free From VOCs
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Market Access, RWE, HEOR, and Commercial Models
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Commercial Models, Access Hurdles,

and Health Economics of Gene
Therapies

FRONTIERS
Kasem S. Akhras and Anish Patel Q;

MARKET

ACCESS

KasEm S. AKHRAS, PHARMD

World’s Most Expensive Drug Is Now
$4.25 Million Gene Therapy

The one-time treatment, Lenmeldy, is used to correct the underlying cause of a hereditary
condition called early-onset metachromatic leukodystrophy. Photographer: Eric Piermont/AFF/
Getty Images

By Gerry Smith
March 20, 2024 at 10:09 AM EDT



Clinical Development of Gene Therapies

* Preclinical and translational elements

Clinical development plans

7 hallmarks of gene therapy trial design

Clinical pharmacology principles

Governance and evidence packages

GTx in neurological indications

Strategies for ultra-rare indications

Areas in need of innovation
 Dose finding

 Platform trials

» Adaptive endpoints

* Innovation in long term follow-up



Chemistry, Manufacturing, and
Controls (CMC)

12

Manufacturing, Analytical, and
Process Comparability Challenges
for Recombinant Adeno-Associated
Virus (rAAV) Gene Therapy

Hannah K. Bare, Erik S. Barton, Aili Cheng, Brad Evans, Henry Gregory, Dan
Griffin, William Kish, Rudra Mukherjee, Thomas Powers, Herbert A. Runnels,
Daniel Ryan, Courtney D.K. Sloan, Austin Tritt, Ke Wang, Shun Zheng

Biotherapeutic Technology Pharmaceutical Sciences, Pfizer
(Authors are listed in alphabetical order)

A summary of commonly used statistical methods for comparability assessment.
SPI=Simultaneous Prediction Interval. BPI=Bayesian Prediction Interval. TOST=Two

One-Sided Tests (*TOST includes both frequentist and Bayesian versions).

post-change n

change n with strong
scientific prior
knowledge

SPI BPI TOST*
Goal of the | - Whole distribution/ | - Whole distribution | - Mean difference
comparison | range - Individual  batch | - Not individual
- Individual batch val- | values matter batches
ues matter - Does not have to
- Assumes equal vari- assume equal vari-
ance ance
Benefit - Easy to calculate | - Relevant scientific | - Higher power to
and understand knowledge is consid- | detect mean shift
ered as one of the in- | than the interval
puts approaches
Limitation - Lower power to de- | - Computation - Challenging to set
tect mean shift when | complexity (e.g., | EAC based on safety
such a shift exists simulation-based and efficacy
-Could get  “too | results) - Hard to power the
wide” and lose the |- The choice of prior | test with proper
purpose of serving | distributions needs | sample size due to
as “tighter” limits if | to be justified scien- | limited clinical need
preferred sample size | tifically by SME
is not met
Preferred - Larger  pre-change | - Larger pre-change | - Balanced and large
sample size | n, but much smaller [ » or small pre- | sample size for both

processes

Direction

- Directional: the old
process is treated as
the standard for the
new process to fall
within

- Directional: the old
process is treated as
the standard for the
new process to fall
within

- Non-directional:
neither process is
treated as standard
(i.e., same “answer”
regardless of the
designation of pre-
or post-change)




Preclinical and Translational Elements

Goal: To identify efficacious and safe doses to support clinical trials

Some key questions and points to consider Types of studies

What are the target tissues and cells for transduction?

3

A Practical Guide to the Nonclinical
Development of In Vivo Gene
Therapies

Page Bouchard
Rising Tide Advisors, LLC, Andover, MA, USA
Deepa H. Chand

Novartis Pharma AG, East Hanover, NJ, USA and Children’s Hospital of Illinois and the
Unaversity of Ililinois College of Medicine, Peoria, IL, USA

Francis Fonyuy Tukov

Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA

Mark Milton
Lake Boon Pharmaceutical Consulting LLC, Hudson, MA, USA

Kelley Penraat

s for BioMedical Research, Cambridge, MA, USA

Oleksandr Sverdlov
Novartis Pharmaceuticals Corporation, East Hanover, NJ, USA

What is/are the intended clinical indication(s) and degree  « Nonclinical PoC studies - to guide preclinical toxicology
of target validation? and early clinical trial design

 Exploratory rodent biodistribution and safety study

* Pilot rodent biodistribution and efficacy & safety study

administration?

* Nonclinical toxicology studies

What are the logical/viable routes and methods for - Pivotal IND/BLA-enabling efficacy and safety study

* What amount of transgene expression is required, where, « Pilot (28-day, non-GLP) toxicity and biodistribution study
and for how long? « Pivotal (GLP-compliant) toxicity and biodistribution study
* What are trans-species homology and comparative * Regulatory guidance on nonclinical safety and
biology? biodistribution assessment requirements is evolving
_ » March 2023 - ICH S12; Nonclinical biodistribution
* Are there good/relevant animal models of the target considerations for gene therapy products
disease?

e And More...



Translational Elements: Example in Amyotrophic Lateral Sclerosis

Table 1
The ALS Functional Rating Scale — Revised (ALSFRS-R)

1. Speech

(= SRV

1)

. Salivation

. Swallowing

. Handwriting

(=R S PR O - S PREE S R R I U

L

a. Cutting food and handling utensils (p without gastrostomy)?

(= RV

5b. Curting food and handling utensils
(alternate scale for patients with gastrostomy)?

. Dressing and hygiene

D N Wde D O W

Nommal speech processes

Detectable speech disturbance

Intelligible with repeating

Speech combined with nonvocal communication
Loss of useful speech

Normal

Slight but definite excess of saliva in mouth; may have nighttime drooling
Moderately excessive saliva; may have minimal drooling

Marked excess of saliva with some drooling

Marked drooling; requires constant tissue or handkerchief

Normal cating habits

Early cating problems — occasional choking
Dictary consistency changes

Needs supplemental tube feeding

NPO (exclusively parenteral or enteral feeding)

Normal

Slow or sloppy: all words are legible
Not all words arc legible

Able to grip pen but unable to write
Unable to gnp pen

Normal

Somewhat slow and clumsy, but no help needed

Can cut most foods, although clumsy and slow: some help needed
Food must be cut by somecone, but can still feed slowly

Needs to be fed

Normal

Clumsy but able to perform all manipulations independently
Some help needed with closures and fasteners

Provides minimal assistance to carcgiver

Unable to perform any aspect of task

Normal function
Independent and complete self-care with cffort or decreased cfficiency
Intermittent assistance or substitute methods

Needs attendant for self-care
Total dependence

Turning in bed and adjusting bed clothes
Walking
Climbing stairs

7.
<
3
2
1
0
&
4
3
2
1
0
9.
4
3
2
1
0

Table 1. (Continued)

Normal

Somewhat slow and clumsy, but no help needed

Can tun alone or adjust sheets, but with great difficulty
Can initiate, but not turn or adjust sheets alone
Helpless

Normal

Early ambulation difficultics

Walks with assistance
Nonambulatory functional movement
No purposeful leg movement

Normal

Slow

Mild unsteadiness or fatigue
Needs assistance

Cannot do

10. Dyspnea (new)

(=R S IRV

11. Orthopnea (new)
4
3

S - N

12. Respiratory insufficiency (new)

- W e

0

None

Occurs when walking

Occurs with onc or more of the following: cating. bathing, dressing (ADL)
Occurs at rest, difficulty breathing when cither sitting or lying
Significant difficulty, considening using mechanical respiratory support

None

Some difficulty slecping at night duc to shortness of breath,
does not routinely use more than two pillows

Needs extra pillows in order to slecp (more than two)

Can only sleep sitting up

Unable to sleep

None

Intermittent usc of BiPAP

Continuous use of BiPAP dunng the night

Continuous usc of BiPAP dunng the night and day

Invasive mechanical ventilation by intubation or trachcostomy

ALSFRS-R definitions

Cedarbaum et al 1999

Confidential 29


http://www.ncbi.nlm.nih.gov/pubmed/10540002

ALSFRS-R items as a function of Lower Motor Neuron anatomy

Anatomic correlate/Key area to be transduced

ALSFRS-R Item Functional
Domain
1 Speech Bulbar
2 Salivation
3 Swallowing
4 Handwriting Fine Motor

5 Cutting food and handling
utensils

6 Dressing and hygiene

Pons
CNV & VI

Medulla Cervical Thoracic
CN IX, X, Xl Spinal Cord Spinal Cord

Lumbar Spinal
Cord

7 Turning in bed and adjusting
bedclothes

8 Walking

9 Climbing stairs

Gross Motor

10 Dyspnea

11 Orthopnea

12 Respiratory insufficiency

Respiratory




Loss of effect size (ALSFRS-R points)

1.5

1.0

0.5

0.0

Effect size loss for varying
proportion of effect size attributable to bulbar effect

i / ’
i /O
i /O
! P O
__________________________________ @

/ E Loss assuming equal distribution of

1 effect across ALSFRS-R domains
/ O | (0.375 pts)
@
| |' [ | [ |
0.2 0.4 0.6 0.8 1.0

0.0

Proportion of effect size driven by bulbar effect



Power deflation for varying proportion
of effect size attributable to bulbar effect
(none attributable: power=80%)

1
N |
? :
3 0.8 '
— 0O |
g- . T O : Power loss assuming equal distribution
(O] \ 1 of effect across ALSFRS-R domains
7y o ! (0.375 pts)
T |
g 06 |~ ~"TTTTTTTTTTTTTTTT ?< -----------------------------------------------------
- T~
S : T o
O 04 i ~_ ]
o : —~
% : T o
5 : 0
= .
OO - :
I I I I I I
0.0 0.2 0.4 0.6 0.8 1.0

Proportion of effect size driven by bulbar effect



Total sample size for fixed power/alpha

700

600

500

400

300

200

100

Total trial sample size inflation for varying
proportion of effect size attributable to bulbar effect
(none attributable: N=74)

O
i / .
o
_______________________________________________ é}-:‘.’f_'ii________-_____-_-_________-__-______-_____-__-____________-_____-_____
0 — ! Sample size inflation assuming equal

! distribution of effect across ALSFRS-R

o— w : domains (0.375 pts)

| | | ' | | | | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Proportion of effect size driven by bulbar effect



An Unspoken Need: Genetic Subpopulation Data

The Paradigm

Determine level of normal protein
needed to improve cellular function

Achieve 230% of normal
hemoglobin levels to
prevent cell sticking

End Determination

Achieve 230% of normal hemoglobin levels
in 260% of cells to improve blood passage
and avoid a vasculo-occlusive crisis

https://www.nature.com/articles/d42473-018-00307-6

Determine percentage of functioning cells
needed to improve organ function

1T
66
v

Achieve function in 260% of cells
to improve blood passage and
avoid a vasculo-occlusive crisis

The Reality

Unaffected

Chromosome 9

|
% Frataxin
/e

Friedreich’s Ataxia

Chromosome 9

NI )

0q13
T EXN gene
Intron 1

i

GAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAAGAA ... -
66 — 1700 GAA repeats

X

FXN mRNA

https://sites.uab.edu/thenapieralalab/

Analysis Approaches to Identify Pharmacogenetic Associations

With Pharmacodynamics

Daniel L. Hertz )% Laura B. Ramsey, Mathangi Gopalakrishnan, J. Steven Leeder, Sara L. Van Driest

First published: 27 May 2021 | https://doi.org/10.1002/cpt.2312 | Citations: 2

Current and Next Steps Toward Prediction of Human Dose for
Gene Therapy Using Translational Dose-Response Studies

Sergey Aksenov, John C. Roberts, Ganesh Mugundu, Karen Thudium Mueller, Indranil Bhattacharya,

Michael A. Tortorici B

First published: 08 August 2021 | https://doi.org/10.1002/cpt.2374 | Citations: 1

Linked article:: This article is linked to Rational clinical dose selection of adeno-associated virus-
mediated gene therapy based on allometric principles, by Tang, F. et al. Clin. Pharmacol. Ther.110, 803-807

(2021). https://doi.org/10.1002/cpt.2269.


https://www.nature.com/articles/d42473-018-00307-6
https://sites.uab.edu/thenapieralalab/

What kind of efficacy situation are we in?

(a) Improvement: likely not feasible with GTx in for (a) Improvement
neurodegenerative indication? Drug
ope . . No Dru
(b) Stability: what we are aiming for? . -
(b) Stability
(c) Slowing of progression: this may be what we ; e
observe in the short term, due to onset of the drug >
. . . (14 e NoDru
(unknown), or in the long term (transduction is not —
enough) (c) Slowing of Progression
May need to also show improvement in QoL if in this situation \
» Drug
| —— ,NP Drug
Time

Cox, Gerald F. "The art and science of choosing efficacy endpoints for rare disease
35 clinical trials." American Journal of Medical Genetics Part A 176.4 (2018): 759-772.



Clinical Development Plan for Traditional Pharmaceuticals ©
(stepwise “learn & confirm”)

Clinical studies

Nonclinical

studies

a. Biological activity

b. Safety, b. Safety,

tolerability tolerability h. Dose response

c. PK c. PK a. Biological for safety and j. Confirmation of

d. PK-PD d. PK-PD acgwty efficacy efficacy and safety I. Long term efficacy
e. MPAD, NOAEL, f. Maximum safe g ?se range i. Dose for k. Dose, s ubgroup and safety

FIH dose dose finding confirmation for labeling

Pharmacology Phase 1 Phase 2a

Healthy volunteers Patients

Phase 2b Phase 3 Phase 4

Patients Patients Real world, Patients

Toxicology
In vitro, in vivo

\ A U A A WD A U 4

Oleksandr Sverdlov, Avery Mclntosh, Jess LeClair, Sergey Aksenov. “Statistical Innovation for Gene Therapy Development: Clinical Trial
Design and Analysis Considerations.” ISBN 9781032136554

36



CDP for Gene Thel’apieS dg (more condensed, no HVs)

Nonclinical Clinical studies

studies

a. Biological activity a. Biological activity h. Dose response for

b. Safety, tolerability b. Safety, tolerability safety and efficacy

c. PK ; F:l(( PD j. Confirmation of

d. PK-PD T efficacy and safety .

e. MPAD, NOAEL, FIH f. Max safe dose e s l. Long term efficacy
dose g. Dose range finding lc;belin; and safety

Pharmacology

Phase 1/2a Phase 2b/3 Phase 4

TOX'COIOgy Patients Patients

In vitro, in vivo

Real world, Patients

W/

m. Disease progression

Gray-highlighted text indicates changes
relative to the standard sequence in
figure on the previous slide

Natural History

Patients

Oleksandr Sverdlov, Avery Mclntosh, Jess LeClair, Sergey Aksenov. “Statistical Innovation for Gene Therapy Development: Clinical Trial Design and Analysis Considerations.” ISBN 37
9781032136554



Consequences of having only one
pivotal 'trial in GTx indications The Role of p-Values in Judging the Strength of Evidence and Realistic Replication

Expectations
Eric W. Gibson
1. D|Iut|on Of eﬁect S|Ze Seen |n Ph2 |n |ater tr|a|s |S Clinical Development and Analytics, Novartis Pharmaceuticals, East Hanover, NJ
a well-known phenomenon

ABSTRACT ARTICLE HISTORY

O Can be from underpowering (nOt enough p-Values are viewed by many as the root cause of the so-called replication crisis, which is characterized Received November 2019
. . . by the prevalence of positive scientific findings that are contradicted in subsequent studies. The spectrum Accepted January 2020
Su bJeCtS, or OvereStImated effeCt SIZG) of proposed solutions includes redefining statistical significance, abandoning the concept of statistical

significance, or eliminating the use of p-values altogether. The unintended consequence of these proposals ~ KEYWORDS
has been confusion within the scientific community, especially in the absence of consensus or clear FMailslfi dlliscci?\/‘esrzlgitt?\//e
alternatives. The goal of this article is to reframe the perceived replication crisis. | argue that this crisis is to a pidty:

2 . H aV] N g a S| ng I e p |V0ta| tr| al |n GTX r| S kS large extent the result of excessive optimism based on unknowingly (and sometimes knowingly) overstated inference; Significance test

evidence. As a remedy, | suggest a four-part guide to navigating statistical inference with p-values that is

OvereStImatlon of eﬁect SIZG iccessiblefl?rscientists. Examples taken from pharmaceutical drug development for heart failure illustrate
ey concepts.
3. Health authorities, payers seem not to have

recognized this phenomenon Ops
e As GTx continue to be approved, dilution effect
can potentially limit business proposition

PSYCHOLOGICAL SCIENCE

Perspectives on Psychological Science
2014, Vol. 9(6) 641-651

Beyond Power Calculations: Assessing © The Auihor(s) 2014

Reprints and permissions:

4. The statistician can contribute to a strong Type S (Sign) and Type M (Magnitude)

DOI: 10.1177/1745691614551642

submission and access package by being HACEOES OSAGE

involved from the near start of a clinical program,
. . g . W 1 in23
u n d e rsta n d I n g th e SCI e ntlfl C a n d p h a rm aCO I og I Ca I Tg:’::ll;ll‘net'nl ()l(tlel]lblrsnm?rxlnd igfi‘u{?nlll(‘;ll P(():l?if}llgicncc Columbia University; *Clinical

Epidemiology and Biostatistics Unit, Murdoch Children’s Research Institute, Parkville, Victoria, Australia;

bas | S fo r efﬂ ca Cy’ an d ed u Cat| n g Sta ke h o) I d ers on and *Department of Paediatrics and School of Population and Global Health, University of Melbourne
how to create a robust drug package

Abstract

Statistical power analysis provides the conventional approach to assess error rates when designing a research study.
However, power analysis is flawed in that a narrow emphasis on statistical significance is placed as the primary
= . P( R(, l((ll— HO N F(l[b'(,' P()Sit [ lV(-) e focus of study design. }n noisy, smull—szlmple seltin:g,s, stltistically significzmt results can ()ftep be mislt-:l.ding: To ll'elp
P( F(lls.(j P()S]fl ve | R(—. ](ﬁ,(—.f H ) — . —_— researchers zldcleress this pr()Ablcm in ‘lhe lconlexl of lhen: own sufc'lles, we recommend design calculations mAwlncll
. o P( R( ,J'( '('f H()) Q + l ol L 3 (a) the pr()hzl_l)lllty of an estimate being in the wrong direction (Type S [sign] error) and (b) the factor by which the
magnitude of an effect might be overestimated (Type M [magnitude] error or exaggeration ratio) are estimated. We
illustrate with examples from recent published research and discuss the largest challenge in a design calculation:

coming up with reasonable estimates of plausible effect sizes based on external information.




Seven Hallmarks of Gene Therapy Trial Design

. Disease modifying (curative??)

. Usually rare disease

. 1x administration

. No consensus on what endpoint measures pharmacologic activity
. Challenging safety monitoring

. May be challenging to dose placebo in a trial

. Long-term safety and efficacy difficult to predict

~N O O & W N -

Oleksandr Sverdlov, Avery Mclintosh, Jess LeClair, Sergey Aksenov. “Statistical Innovation for Gene Therapy Development: Clinical Trial
Design and Analysis Considerations.” ISBN 9781032136554



Defining Success by Pharmacology Principles

~ Pillars of Pharmacology ~

For Gene Therapy Programs

- PILLAR 1 PILLAR 2 PILLAR 3
oY P

\N((\S\( GO\Og\J
x\a

EXPOSURE: EXPRESSION: MODULATION:
Transduction at Sufficient mMRNA Pharmacodynamic
the site of action and/or protein at response

Examples the site of action Examples

* Vector genome Examples * Activation of
i * mRNA expression signaling cascade

* Protein levels or * Accumulation of
cellular distribution enzymatic product

Mohamed Hassanein, Kelly A Fader, David Beidler. “Biomarkers in Gene Therapy Development for Rare Diseases.” ISBN 9781032136554
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Sponsor Governance

The normal framework of pre-specifying success criteria at each stage should be relaxed for
sponsor governance purposes in some cases

Neuro indications will often have multiple
imaging, digital, functional, fluid biomarker
scales

Not always clear which should be used to
indicate PD activity or clinical efficacy

Figure 2 A number of '*F-FDG PET/MR cases showing striatal hypometabolism (upper row) in different conditions. (A)
healthy control (to be used as reference), (B) progressive supranuclear palsy, (C) multiple system atrophy with predom-
inant parkinsonism, (D) Huntington disease, (E) FAHR’s disease and (F) thalamic bilateral lacunar infarct. On the
lower row corresponding anatomic images: T1 isotropic MPRAGE (A-D), Susceptibility-Weighted Imaging (SW1) (E)

Post-hoc testing of multiple endpoints can T,
be hugely informative (win ratio, MDRI,
Claggett method, Wei-Lachin multivariate

one-sided test, etc.) Cecchin et al.
https://doi.org/10.1053/j.semnuclmed.2021.0

3.003



https://doi.org/10.1053/j.semnuclmed.2021.03.003
https://doi.org/10.1053/j.semnuclmed.2021.03.003

Gene Therapy for Neurological Diseases

Potential of a GTx intervention is most apparent for diseases of
the CNS

Neurons are terminally differentiated, in contrast to the
constantly dividing cells found in other organ systems

Thus, protein expression from an episomal gene cannot be
diluted by cell division in CNS

Potentially more favorable safety profile (fewer vectors pass
through liver vs systemic admin.)

a Intravenous administration

b Intraparenchymal administration

% f\»-\ +

/N ’J/\ | .
L — ﬂ '\.7_-(’ )\v
: J:’ '; »><{'| \ "/ )P“Jl
e SV, L E
\'\ _\ #)_) N >'} 1\/ 54

| ’ Intracisterna
magna

v

X

« Systemically treats
disease
« Minimally Invasive

« Patlent cannot have
pre-existing Immunity
to AAV

« Capsld needs to be
able to cross the BBB

« Larger dosage
needead to target CNS

« Increased risk of
Immunogenicity to
therapy

« Greater distribution
to peripheral organs

« Minimizes perlpheral || « Invasive
organ targeting « May require multiple
« Targets specific Injection sites

of CNS
« Bypasses the BEB
« Decreases overall

dosage

Ling, et al.
https://doi.org/10.1038/s4

braln reglon « |s imited by number
« Bypasses the BEB of Injections that can
| | » Decreases overall be given
dosage « Limited distribution
may reduce
therapeutic efficacy
v X
« Limited peripheral « Invaslive
organ blodistribution || « Transduction
« Broad blodistribution efficlency may vary

between capsid and
administration route

Lumbar

1573-023-00766-7

Intrathecal


https://doi.org/10.1038/s41573-023-00766-7
https://doi.org/10.1038/s41573-023-00766-7

Challenges in GTx for Neurological Indications

« For many CNS indications, understanding the pharmacodynamic effect will be challenging

« Reasons

» lack of access to target tissue (invasive, hard to measure biomarkers or target engagement);
» lack of understanding of pathogenesis (e.g. which cells/ tissues are implicated);

» lack of validated biomarkers of pharmacodynamic effect (if the drug is working, may only know from functional or
cognitive scales)

« This all makes decision making in this area very challenging. How do we know a drug works?




Tools for Neuro-muscular, -cognitive GTx

Digital Endpoints

 Actigraphy
« High freq cognitive testing

Using Natural History to link neuro-cog
and fluid / imaging biomarkers

Syllable rate

B

w

A) Syllable rate distribution

* * %% *% * kK * kK
J l E FA group
E Control group
— — s Bulbar Score
¢ ) 0
A e 05
T :
*
I 3 Q;@’ Q;@’ @
{0 Y
S & > & g
Q X Q

Mueller, et al. https://doi.org/10.1002/acn3.51438

John Shoffner [Astellas], “The Future of in vivo rAAV Gene Therapies for Rare Neurological Diseases.” ISBN 9781032136554
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—— Digital Endpoints for Clinical Studies

AMERICAN A B D
Y . A NEUROILQr(Ii‘:I’%AL .
of Clinical and Translational Neurology < ; E e 300. \ FAgroup 51 Control group
Open ACC@SS | Mean angular velocity
=~ 200+
*k* ***
Research Article @ OpenAccess © () & & 1001 7.54
Digital endpoints for self-administered home-based functional R S A - %
assessment in pediatric Friedreich’s ataxia ¢ g 2]
FA group Control group ‘;’
Arne Mueller %4 Elaine Paterson, Avery Mcintosh, Jens Praestgaard, Mary Bylo, Holger Hoefling J— T [—— % challietilliid
( /SE Non-dominant hand 2 200 i ke
N (@) 150
» Four questions we can ask of a digital metric: ) @ ® 100 é
o 84
1. Are digital measures feasible and can high-quality . D ) — ! '
. . . . \§ . \§
data be collected in the home setting with the oo™ “o“_aom\“a“
device?

2. Can digital measures differentiate patients from
non-affected, and measure progression in patients?

3. How do these digital endpoints correlate with, or
predict, the gold standard outcome measure?

4. How does the detectable effect size for these digital
measures compare with the effect size measured
with the gold standard?



Recommendations for Clinical Development of Neuro GTx

1. Utilization of patient registries and natural history studies to identify subjects.

2. Collaboration with patient advocacy groups to create educational materials providing high-
quality information on gene therapy.

3. Implementation of adaptive/flexible trial designs to reduce study durations and cohort size
(Bothwell et al., 2018).

4. Leverage surrogate endpoints that are reasonably likely to predict clinical benefit.

5. Adoption of decentralized clinical trial solutions (e.g., telehealth visits, electronic collection of
adverse event data, home visits via visiting nurse) to help reduce the patient burden of
participating in trials.

6. Inclusion of endpoints related to health economics to preemptively address payer concerns and
build a solid rationale for reimbursement.

7. Utilization of real-world data to monitor safety and efficacy over extended time periods.

Petra Kaufmann [Vigil], Amanda Haidet-Phillips [Sarepta]. “Bringing Gene Therapy to Patients: A Clinical Development Perspective Based on
Brain and Neuromuscular Diseases.” ISBN 9781032136554



Summary of US Institutes of Medicine Committee’s Recommendations
from the summit and publication on Small Clinical Trial '

Define the research question. " " (““icu'

- Before undertaking a small clinical trial it is particularly important that the research question be well defined and that the & TI‘i(IIS
outcomes and conditions to be evaluated be selected in a manner that will most likely help clinicians make therapeutic \ B2 Issues and Challenges
decisions. & . \

Tailor the design.

- Careful consideration of alternative statistical design and analysis methods should occur at all stages in the multistep
process of planning a clinical trial. When designing a small clinical trial, it is particularly important that statistical design
and analysis methods be customized to address the clinical research question and study population.

Clarify the methods of reporting the results of clinical trials.

- In reporting the results of a small clinical trial, with its inherent limitations, it is particularly important to carefully describe
all sample characteristics and methods of data collection and analysis for synthesis of the data from research.

Perform corroborative statistical analyses.

- Given the greater uncertainties inherent in small clinical trials, several alternative statistical analyses should be performed
to evaluate the consistency and robustness of the results of a small clinical trial.

Exercise caution in interpretation.

- One should exercise caution in the interpretation of the results of small clinical trials before attempting to extrapolate or
generalize those results.

More research on alternative designs is needed.

- Appropriate federal agencies should increase support for expanded theoretical and empirical research on the
performances of alternative study designs and analysis methods that can be applied to small studies. ...
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Some Design Options for U/fra-Rare Diseases

Randomized? Controlled? Single-arm?
—  RCT likely not ethical or feasible in a trial with ~10-15 patients

Delayed-start /
—  Compare patients who get drug at time x vs those initially randomized to sham/pbo

Baseline-controlled trial (before-and-after)

—  For single-arm studies

—  Drawback: how can we ensure estimates are not biased due to Hawthorne effect, investigator/caregiver bias?
— If we have a robust biomarker of target engagement, this could cut it

Decision Analysis-Based design

—  Utility assigned to side-effects & treatment effects (between 0-1). Combines probability of event * utility. Solicit expert opinion on prob. and utility in planning stages, then perform
sensitivity analysis to vary these estimates across ranges

— May be useful as supportive analysis to argue for BLA. Seems far out for primary efficacy endpoint

Ranking and Selection design
— Rank GTx vs sham in order of preference (most useful for many possible options). Can construct an “ethical cost” function that considers severity of inferior treatments
— | actually think this method has a lot of promise under the circumstances. Drawback: neither I, nor | imagine FDA have any experience with this paradigm

Sequential trial
—  Enroll subjects 1 at a time and ask statistical hypothesis question to either accept or reject null hypothesis
—  Drawback: have to wait to defined endpoint for each patient before making a decision: stop, or enroll more. Does not allow controlling for important baseline prognostic variables

Crossover trials, N-of-1 trials, Randomized withdrawal, Early escape
— Not applicable to GTx due to 1x administration

Risk-based (“assured”) allocation
—  Allow individuals at greater risk to be randomized to drug
—  Drawback: complex analysis, more severe disease may be refractory to any treatment

Adaptive randomization (“play the winner”)
—  Drawback: requires fast readout on efficacy per person to change the allocation. Not optimal in slow progressing disease



Should we dose escalate with such a
limited number of patients?
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Like most of our other programs, dose escalation is complicated by the small patient population, only
more so for ultra-rare programs

Ethical concerns include: if a patient is underdosed, they may be forever ineligible for the final decided
MTD or any other drug using an AAV vector

Overdose during escalation could give permanent overexpression toxicity, or potentially severe shorter-
term complications (liver, hepatocytes, etc.)

A very strong dose translation methodology will have to be employed:

— What assumptions do we have

— Are murine models similar enough (e.g. in some diseases the mouse models are hemizygous knockout males,
while the target for investigational drug population is heterozygous—does this have implications for the therapeutic
window?)

— Do we feel confident we can go forward with a single middle-of-the-road dose level?



Methods of analysis: what is appropriate under
these uniquely constrained circumstances?

= Do we have to adhere to a probabilistic framework? (e.g. “normal” frequentist statistics, Bayesian
statistics)

=  What about other methods?
— E.g. utility-based or ethical : may be optimal from a health economics/ public health standpoint

50



Methods of analysis: Predicted individual
treatment effect (PITE)

= See Rosenkranz 2020

= Used as a decision framework for exploratory subgroups

51



Methods of analysis: Bayesian methods (& meta-analysis)
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Enables us to ask more meaningful questions of the data
— “What is the probability that our treatment effect is >0 ?” rather than:
— “What is the probability if we had no drug effect we’d see a statistic at least as extreme as what we saw?”

Not often used in pivotal studies (but this is changing...)

Very useful to incorporate subject-matter opinion, or previously generated data
— Not so useful in an ultra-rare disease

Key question: will FDA let us use these methods in a primary or supportive fashion? (I personally feel we
should press hard on this point—these methods could be pivotal to making statements such as: “there is
a 95% chance that change from baseline is >0, and >50% chance it is past our MCID”)



Methods of analysis: Longitudinal models

= Very useful to track longitudinal change in individuals (MMRM, mixed-model repeated measures)
= Uses more data than a single cross-sectional measurement

= [fit’'s single-arm, how to we make sure the endpoint is not biased due to Hawthorne effect or
physician/caregiver bias? If it's an objective physical biomarker this will help

— Although even “hard” physiological endpoints have been observed to change under caregivers (heart rate, etc)

53



Methods of analysis: selection (ranking) trial

54

Selection designs are designed to make a prioritization between promising “experimental” regimens when there
is no a priori data to prefer one regimen over the other.

In this design, patients are randomized to two or more “competing” regimens/agents. The final results are then
ranked, and the arm with the best observed outcome is selected for further study. The sample size
requirements for this design are based on providing a high probability of choosing the best arm as long as the
expected outcome in that arm exceeds any other arm by a clinically meaningful margin (e.g., at least 15%).
This design does not provide answers concerning the relative merits of similar regimens because it does not
test the null hypothesis of equality. This design approach was used by Lustberg et al. to make a selection
between two doses of Mitomycin C followed by irinotecan in patients with advanced esophageal and
gastroesophageal junction adenocarcinomas. The trial used a two-stage Simon design with individual decision
rules for efficacy for each experimental arm with a and  of 0.1. The final results from the two arms were
ranked to make a recommendation that the low-dose arm was both well tolerated and efficacious.

Simon R, Wittes RE, Ellenberg SE. Randomized phase Il clinical trials. Cancer Treat Rep 1985;69:1375—1381.
[PubMed: 4075313]



Methods of analysis: multi-domain responder
index (MDRI)

- Used when symptoms are heterogeneous across domains (behavior, structural, functional,
cognitive), not within a given domain

— Mepsevii (vestronidase alfa) from Ultragenyx for MPS VII (Sly syndrome)
— Aldurazyme (laronidase) for MPS |, from Biomarin (supportive)
— Elosulfase alfa (Vimazim) for MPS |V from Biomarin (supportive)

Requires understanding what is a meaningful clinical change in each domain (how likely is this in an ultra-
rare setting?)
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Methods of analysis: MANCOVA

» “Multivariate analysis of covariance (MANCOVA) is an extension of analysis of
covariance (ANCOVA) methods to cover cases where there is more than one
dependent variable and where the control of concomitant continuous
independent variables — covariates — is required. The most prominent benefit
of the MANCOVA design over the simple MANOVA is the 'factoring out' of
noise or error that has been introduced by the covariant.”

= ANOVA and all variants have as a requirement “normality” (bell-shaped
distribution) of data, which is guaranteed in probability for means as n—> oo, but
for very small sample sizes will inflate Type | (false positive) error
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Methods of analysis: patient-centered benefit-
risk

= Selection of therapy based on patient (or
caregiver) assessment of tradeoffs of

benefits and risks

= A framework for decision making under
uncertainty that accounts for patient
preference

= https://mdic.org/resource/patient-
centered-benefit-risk-pcbr-
framework/#download form

Probability of infection (risk)

Ideal

Reduction in days hospitalized (benefit)
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https://mdic.org/resource/patient-centered-benefit-risk-pcbr-framework/
https://mdic.org/resource/patient-centered-benefit-risk-pcbr-framework/
https://mdic.org/resource/patient-centered-benefit-risk-pcbr-framework/

Example Areas for Innovation/ Adaptivity

(Trial & CDP level)

START OF PLATFORM TRIAL

Quantitative dose finding (paper in preparation)
Vectors /ph1 platform trial (TBD)

Adaptive endpoints (nusinersen)

D=

Studying Multiple Versions of a
Cellular or Gene Therapy Product in
an Early-Phase Clinical Trial

Guidance for Industry

Platform LTFU (common Schedule of Assessments)

’Master protocol pooled periodic reporting @ Sub-study ad-hoc analysis/reporting

Platform trials for long term follow-up (published)

3

Screening

Number of dose levels in GTx trials in CT.gov search

rg~Bin(mg,ng)
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Dose Finding (outside of gene therapies)

Interval Probabilities by Dose

One popular method in oncology dose-finding Ph1 trials is BLRM

Bayesian Logistic Regression Model

ra~Bin(my, ng) o |
o8 (y2-) = tos(@ +p1og ()
0] = 108\ @ og | — >
5 1— TTq 5 5 d* E o
. . g © 1 —
with (8 > 0),r; = observed dose limiting
toxicity, T, = true rate at dose level d, ng; = o
number of subjects in dose cohort d, and _
d* = a reference dose level o




— Typical distribution of Dose Levels in Early Phase GTx Trials
ClinicalTrials.gov search found 334 GTx Ph1 trials

Maximum | Max (non-oncology |Max (oncology with completion dates after 2020. Median number
- dose of dose levels was 2, but many had an unspecified
el number of dose levels (but the implication was it
126 91 35 was >1 level)
level
levels
levels 100
levels
5 dose 6 5 1
6 dose 4 3 1
levels
8 dose 0 0 0
9 dose 1 0 1
Unspecifie K& 21 28

d (but
implied >1)

Frequency

1 2 3 - 5 6 7 8 9

Dose Levels



Issues with Quantitative Dose Finding in GTx

. Gene therapies can only be dosed 1x due to immunogenicity, and subjects are forgoing any future re-dose or
even any other (possibly superior) AAV therapy—the benefit/risk is just a different situation from oncology,
aIsc|) the diseases are often severe but perhaps the patients are not facing imminent death like in an oncology
tria

Often in oncology an accelerated titration type design is used to quickly get to the therapeutic range. GTx
will likely not have that possibility

2. Small # dose levels usually (in this situation, BLRM becomes highly dependent on the prior)

3. Small # patients per dose level usually (makes it a sharp tipping point, almost like 3+3, also heavily
dependent on prior specification)

4. Prior elicitation is challenging if no previous human data—need to describe when it’s ok to borrow from a
similar prog)ram and when not (e.g. with novel engineered capsids/new delivery mechanisms, this is not
appropriate

5. There are two classes of DLTs (transient and “permanent,” so a single endpoint for a DLT may not capture the
clinical complexity)



Simulations for Dose-finding using BLRM

* Determine whether correct dose chosen

« 3 Dose cohorts varying cohort size (N=3, 4, 5)

 Combinations of AESI and DLT rates

« EWOC considerations for AESIs and DLTs: 0.5 and 0.2, respectively

* Dose chosen is highest dose where both EWOC conditions are
satisfied

»  Prior Distribution: MVN (0,Z) where £ = (02 =2, 0, 62 = 1)



Simulations for Dose-finding using BLRM

« Combinations of AESI and DLT rates ~e®

Scenario/ DLT rates for 2/3 dose Resolvable class Non-resolvable class
levels

Safe for both (0, 10, 10) (0, 0, 10)

Safe for non-resolvable (0, 30, 50) (0, 0,10)

Mixed for both (0, 20, 40) (0, 20, 30)
Unsafe for both (20, 50, 70) (20, 20, 50)

Safe for resolvable, unsafe for (0, 10, 10) (20, 20, 50)
non-resolvable (least likely)




Clinical design has to balance ethical imperative to rescue if effective with lack
of understanding of drug onset

Screening Week 52 Week 104
Predefined criteria for primary endpoint met at 12
ug | _». > — months — sham arm rescue and continuation to 24
(N=X) i"month. Primary Endpoint at 24 months converted
Drug {E)" » to Exploratory Endpoint
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1
1
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i
1
I
1
1
1
I
1
1
| i
Dose '
Shgm : Predefined criteria for primary endpoint not met at
Sham _’o > — 12 months — study continuation blinded until 24
(N=Y) month Primary Endpoint readout
Primary Endpoint Primary Endpoint
readout at 12 months readout at 24 months
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Long Term Follow-Up (LTFU) for Gene Therapy

Why do GTx trials need long term follow-up?

» The long term safety profile of GTx products is still
uncertain

» Long term data is required to fully assess benefit-risk
profile

« Want to quantify the length of efficacy: 5,10 years?
Lifetime?
* Assess adverse events due to the vectors:

» Viral reactivation, immune reactions, off-target effects (e.g.,
dorsal root ganglion damage)

* Risk of cancer from activating oncogenes if there is integration
into the genome

« Off-target edits from gene editing

» Collect data on long term biodistribution and viral
shedding



Long Term Follow-Up (LTFU) for Gene Therapy

Why do GTx trials need long term follow-up?

The long term safety profile of GTx products is still
uncertain

Long term data is required to fully assess benefit-risk
profile

Want to quantify the length of efficacy: 5,10 years?
Lifetime?
Assess adverse events due to the vectors:

» Viral reactivation, immune reactions, off-target effects (e.g.,
dorsal root ganglion damage)

* Risk of cancer from activating oncogenes if there is integration
into the genome

« Off-target edits from gene editing

Collect data on long term biodistribution and viral
shedding

Challenges

 FDA / EMA require sponsors to enroll patients
administered a GTx product into LTFU study

» 5 —15 years of follow-up

» Unprecedented length of engagement w/ patients: risk of
loss to follow-up and lack of protocol adherence



Long Term Follow-Up (LTFU) for Gene Therapy

Why do GTx trials need long term follow-up? Challenges
» The long term safety profile of GTx products is still  FDA / EMA require sponsors to enroll patients
uncertain administered a GTx product into LTFU study
* Long term data is required to fully assess benefit-risk » 5 —15 years of follow-up
profile » Unprecedented length of engagement w/ patients: risk of
« Want to quantify the length of efficacy: 5,10 years? loss to follow-up and lack of protocol adherence
Lifetime?

» Assess adverse events due to the vectors:

» Viral reactivation, immune reactions, off-target effects (e.g., Innovative solutions

dorsal root ganglion damage)  Platform trials / Master protocols
mzktﬁ;cgaennc;:]gom activating oncogenes if there is integration . Robust Bayesian hierarchical models (EXNEX) for
- Off-target edits from gene editing borrowing safety information across gene therapy
modalities
» Collect data on long term biodistribution and viral _
shedding « Time-to-event models for adverse events

« Using existing patient registries

* Decentralized trials and use of electronic devices for
data capture



Health Authority Guidances: LTFU ||=|| ) Ay\
r —

» Potential risks from integration activity of
vector/genome editing

* Insertional mutagenesis Long Term FOllOW-Up After
« Consequences from prolonged expression Administration of Human Gene
- Latency (i.e., reactivation from latency) Therapy Products
» Persistent infection (replication competent
vector)

« Safety monitoring: all subjects in clinical studies Guidance for IndUStry

should be monitored

» 15 years for integrating vectors/ genome
editing products

» 5 years for AAV vectors (replication m -
. European Medicines Agency
incompetent)

« LTFU does not need to be as detailed as safety

monitori ng for initial trial GUIDELINE ON FOLLOW-UP OF PATIENTS ADMINISTERED WITH GENE THERAPY
MEDICINAL PRODUCTS

« Survival, SAEs, delayed onset safety
effects (heme, immune, neuro, onc)



What is a Platform Trial?

Complex and nonstandard study designs
have grown in acceptance in recent years

Platform trials are the most flexible of the
proposed designs, with patient groups or
drug arms allowed to enter and exit the
study in a predefined manner

In the past these were used mostly oncology
trials, but have recently expanded. Example:
the Randomized, Embedded, Multifactorial
Adaptive Platform Trial for Community-
Acquired Pneumonia (REMAP-CAP), that
investigated hydrocortisone vs no
hydrocortisone for patients with severe
COVID-19

Table 1. Types of Master Protocols.

Type of Trial Objective

Umbrella To study multiple targeted therapies in the context of a single
disease

Basket To study a single targeted therapy in the context of multiple
diseases or disease subtypes

Platform To study multiple targeted therapies in the context of a single

disease in a perpetual manner, with therapies allowed to
enter or leave the platform on the basis of a decision algo-
rithm

Woodcock, Janet, and Lisa M. LaVange. "Master protocols to study multiple
therapies, multiple diseases, or both." New England Journal of Medicine 377 .-
(2017): 62-70.

O
O O
O O
O O
O O
O O
O
O

Park, Jay JH, et al. "How to Use and Interpret the Results of a Platform Trial:
Users’ Guide to the Medical Literature." JAMA 327.1 (2022): 67-74.



Bespoke Gene Therapy Consortium (BGTC)

Envision 4-6 test
cases

Foundation for the National Institutes of Health
5,740 followers
1d  Edited - &

SFNIH

AMP® BGTC is pleased to announce it has selected 14 rare disease candidates. In
addition, a new RFP has been issued for clinical trial proposals directed to one of
these 14 bespoke indications. Read the full selection announcement here:
https://Inkd.in/gguU_whr

BGTC

AMP® Bespoke Gene
Therapy Consortium

Rare Disease Candidates
Selection + Clinical
Trial RFP

$ENIH

BGTC Goals

® Make adeno-associated virus technology more
accessible to a broader range of diseases
e Optimized AAV vector production protocols
e Improvements in AAV target gene expression

e Streamline preclinical and product testing
e Harmonized and validated sets of manufacturing
and pre-clinical testing requirements

e Facilitate scientific and regulatory advances that will
ultimately benefit the entire field
e Standardized regulatory submission package
templates

® Bring gene therapies to all affected populations sooner
e Clinical development manual to help advance all
future AAV gene therapies for rare diseases

BESPOKE GENE THERAPY
CONSORTIUM

Exploring AAV
Basic Biology
and Translational
Implications

(2,

Advancing Access to
AAV Technologies &
Vectors for Bespoke
Clinical Applications

¥ &
X

Crosstalk &
Learnings

Collaboration

GOAL: Optimized
vector generation and
gene expression for
AAV gene therapy

2

Therapies for
Patients

The Two Critical Pathways of BGTC Research


https://fnih.org/our-programs/AMP/BGTC

Platform Vector Gene Therapy (PaVe-GT)
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https://pave-gt.ncats.nih.gov/

Recent FDA Initiatives Support this Approach to Safety

ADMINISTRATION

U.S. FOOD & DRUG

FDA Action Plan for Rare Neurodegenerative Diseases

Action Plan for Rare

Cell and Gene Therapies Safety Project

FDA will review its experience with applications for ALS and rare neurodegenerative disorder Neu rodegenerative Diseases
treatments to identify cross-application safety signals, with a focus on factors such as the specific = . .

type of product (e.g., gene therapy, cell therapy, vector), route of administration, and study mCIUdmg Amyotro-phlc
population (e.g., age, disease severity, clinical manifestations). FDA will use this safety information to Lateral Sclerosis

inform the design of subsequent clinical trials for the use of cell and gene therapies to treat ALS and
other neurodegenerative diseases.‘

A five-year action plan developed to meet requirements under Section 4 of the Accelerating Access
to Critical Therapies for ALS Act.

Explore the Use of Fit-for-Purpose™ Digital Health Technologies™

FDA will encourage exploring the use of digital health technologies to potentially improve
understanding of the disease and increase access to investigational drugs through more accessible
clinical trials. Using digital health technologies may enhance use of decentralized trial approaches
that can increase trial participation and reduce the burden of trial participation on individuals with
ALS and their caregivers. For example, digital health technologies may reduce the need for travel
to study sites. These technologies may also be used to increase ability to monitor and assess drug
response by providing a more comprehensive assessment of the rate of decline in the range of
functional capabilities affected by ALS.
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Why Have a Platform Safety Approach in LTFU?

« Rationale: the safety profile, including immediate and long-term toxicity and AAV
integration/carcinogenesis potential should have some similarities, either across
vector serotypes/cassettes (e.g., AAV9), or even across the entire class (all
AAV), or perhaps within a given therapeutic area (e.g., heme, CNS, cardiac)

Commercial/ Indication Reduce cycle times | Increase PoS for
geographies expansion future submissions

Pooling standardized
data (same assays,
durations, aligned
schedules of
assessments for
biopsies/ samples),
both short term and
long term, will enable
major unanswered
questions in GTx to
be addressed

A more robust safety
package for follow-on
geographies can
increase probability of
success for HTA
assessments and
access

Health authorities
may have fewer
concerns about
expansion into
adjacent populations
(older, younger,
heavier, different
phenotype) if there’s
robust and
identifiable safety
profile

Follow from left
column: increased
confidence in safety
profile across a class
can reduce or
eliminate the clinical
evidence needed for
indication expansion

A more robust safety
package for new
products in a class
could inform benéefit-
risk assessment
during reg. review
and increase
probability of
approval in a new but
adjacent indication or
modality



ARTICLE

Comparing Apples to Apples

Standardized Data Structures in Rare Diseases: CDISC
User Guides for Duchenne Muscular Dystrophy and
Huntington’s Disease

Ariana P. Mullin', Diane Corey', Emily C. Turner', Richard Liwski', Daniel Olson', Jackson Burton', Sudhir Sivakumaran',
Lynn D. Hudson‘, Klaus Romero1, Diane T. Stephenson1 and Jane Larkindale'

The principle of standardization to increase

efficiency is well described in the rare disease @ ‘ ")

space - =
We need to be able to compare biosamples from ;’# w
iIdentical assays, collected in an identical manner, -

during an identical time course (schedule of
assessments)

hew
@ A‘!

CDISC—CPATH efforts in this spirit are
iInstructional



Platform Opportunities for Long-Term Follow-Up (LTFU) of Gene Therapies for Robust

Assessments of Safety

Scope Multiple therapies in heterogeneous populations; explicitly assumes safety may be heterogeneous
Duration Open ended, with study populations entering and exiting as available/ complete
Number of groups Any number of studies with only treated subjects

Assessment of safety signals
Schedule of assessments

Sponsor support

May or may not be transferrable from one population/ modality to the next
Could be individually tailored by study, standardized across studies, or shared core SoA with appendices for given diseases

Could be single sponsor, or cross-industry consortium

Study 1 (indication 1)
Study 2 (indication 2)

Study 3 (indication 3)

Study 1 LTFU
Master Study 2LTFU
Protocol Study 3 LTFU

Case 1: Pool multiple LTFU GTx studies

= Can harmonize SoAs, CRFs across studies,
modalities/ constructs, indication classes
= Opportunities for alignment at a high level

Study 1 (indication 1) Study 1 (indication 1) LTFU
I R
Study 2 (indication 2) Study 2 (indication 2) LTFU
Study 3 (indication 3) LTFU Study 3 (indication 3) LTFU
Study 1 LTFU

Master

Protocol Study 2 LTFU Data Hub

Case 2: Pool select LTFU GTx studies Case 3: Pool data from LTFU studies in a hub
* Can harmonize SoAs, CRFs across studies = Eliminates total harmonization of assessments,

within an indication class

Could have multiple platforms per indication but opportunities for data pooling still possible

with workarounds, limitations



Platform Trials for LTFU Allow Adaptivity in CDPs

Scientific
Patient Access
Efficiency
Pharmacologic

Future Development

Pooling standardized data can address major unanswered safety questions (e.g., same
assays, durations, aligned schedules of assessments for biopsies / samples)

A robust safety package for follow-on geographies can enhance HTA dossiers for
successful reimbursement / access

Increased regulator confidence in safety across a therapeutic class can reduce the clinical

evidence needed for adjacent populations (e.g., older, younger, different phenotype)

Clinical pharmacology models of exposure, persistence, and other dynamic parameters
can be informed by longer term human data pooled across appropriate classes

Robust safety for new products in a class (e.g., gene editing) could inform benefit-risk
and increase likelihood of approval in new but adjacent indications / modality

Clinical Pharmacology
& Therapeutics

Article

Practical and Statistical Considerations for the Long Term
Follow-Up of Gene Therapy Trial Participants

Maximilian Rohde, Seoan Huh, Vanessa D'Souza, Steven Arkin, Erika Roberts, Avery Mcintosh §%«

First published: 27 October 2023 | https://doi.org/10.1002/cpt.3087




How /Why to Pool AE Rates Across a Class for GTx

* The European Commission’s guideline on summary product characteristics (SmPC)
classifies AEs in five frequency categories:

« very rare (< 0.01%)

« rare (< 0.1%)

« uncommon (< 1%)

« common (< 10%)

« very common (= 10%)

« Accurate estimation of anything but “very common” and “common” is infeasible for
LTFU trials that may have < 100 subjects

* The key to this limitation is in statistical tools that “borrow strength” from similar
categories within a cluster



Bayesian Hierarchical Modeling (BHM)

 Hierarchical statistical models are appropriate when there is more than one level of structure or
hierarchy in the data

« Strong scientific rationale to support the hypothesis that classes of gene therapy products have
similar adverse event profiles:
* Mechanism of action
* Route of administration
 Vector

« For a platform trial containing related sub-studies, we should borrow information on
adverse event rates (where appropriate)

« Bayesian modeling is well-suited to hierarchical models because prior knowledge can inform the
degree of information borrowing and MCMC methods can fit complex models

Neuenschwander, B., Wandel, S., Roychoudhury, S., & Bailey, S. (2016). Robust exchangeability designs for early phase clinical trials with multiple strata. Pharmaceutical statistics, 15(2), 123-134.



EXNEX

* In BHMSs, sharing is determined by how much data was collected in each trial
* Trials with less data borrow more strongly from the other trials

» Bayesian hierarchical models:
« Perform well when the trials are “exchangeable” (i.e., cluster around a common rate)

« Perform poorly if any of the trials has an extreme event rate compared to the others

« EXNEX (“Exchangeable/Non-Exchangeable”) is an extension of BHMs that is more robust to
outlier clusters

 Mixture model where each trial is “exchangeable” with the others in platform with probability p; or not
exchangeable with any with probability (1- p;)

Neuenschwander, B., Wandel, S., Roychoudhury, S., & Bailey, S. (2016). Robust exchangeability designs for early phase clinical trials with multiple strata. Pharmaceutical statistics, 15(2), 123-134.



Likelihood
EXNEX Model Structure

Binary outcome (0/1 event at fixed timepoint)

r; ~ Binomial(n, 7;)
Definitions

T Number of adverse events
7;: Adverse event probability
n.: Number of participants .

T P p - 0. = log (—WJ—)
p;: Prior exchangeability probability J

P, 1—p,

EX NEX

0; ~ Normal(uy,7)

/ AN

pq ~ Normal(m ,, s,,) | 7y ~ Half-Normal(m_, s, )

0; ~ Normal(ug, )




Adverse Events with Varying Follow-Up Times

Platform LTFU (common Schedule of Assessments)

START OF PLATFORM TRIAL

’Master protocol pooled periodic reporting ® Sub-study ad-hoc analysis/reporting

81



EXNEX Model Structure

Count outcome (use offset for varying follow-up times)

Definitions Likelihood
6.: Adverse event rate (log-scale) :
j r. ~ Poisson(exp(f. + log(t.
r;: Number of adverse events 9 (exp(6; 8(;)))
t;: Strata follow-up time
p,: Prior exchangeability probability
D; 1— p;
EX NEX

Hj ~ N()rma,l(ul, 7'1) Oj ~ Normal(uo, 7'0)

/ AN

~

J/

py ~ Normal(m,,,s,,) | 7, ~ Half-Normal(m._, s,)

J




Fitting EXNEX models with the exnexstan R package

GitHub page

master ~ 1 Go to file Add file ~ <> Code ~

»Tﬁ maxdrohde new v 9dk D28

R

man
vignettes
‘Rbuildignore
_gitignore
DESCRIPTION

7 LICENSE.md
NAMESPACE

README.md

Overview

The exnexstan package provides a user-friendly interface to fitting EXNEX models in R without requiring the user

About

R package to fit EXNEX models with
Stan

&

Releases

Packages

to directly interface with a probabilistic programming language like BUGS, JAGS, or Stan.

Stan ( ) is used to fit the models using modern Hamiltonian Markov Chain Monte Carlo (HMC)

sampling.

Installation

The exnexstan package is not on CRAN, but can be installed from GitHub using the install_github() function

from the devtools package.

# Skip if devtools is already installed
install.packages("devtools")

devtools::install_github(repo = "https://github.com/maxdrohde/exnexstan")

R package vignettes

exnexstan: Binary data and package overview < codc-

AUTHOR PUBLISHED
Maximilian Rohde July 25,2023

Background

The exnexstan package implements the EXNEX model for binary data introduced in “Robust exchangeability
designs for early phase clinical trials with multiple strata” by Neuenschwander et al. (2015)
(https://onlinelibrary.wiley.com/d0i/10.1002/pst.1730) using Stan. The cmdstanr package is used to interface R

with the Stan probabilistic programming language that fits the models using Markov Chain Monte Carlo (MCMC)®.

EXNEX models are an extension of Bayesian hierarchical models (BHMs). Bayesian hierarchical models are
commonly used to analyze data from related studies, such as strata in a basket trial, since the partial pooling
resulting from BHMs is often a good compromise between complete stratification and complete pooling.
However, BHMs can perform poorly if some strata are not exchangeable with the other strata.

EXNEX is a mixture model that allows for each strata the possibility of being exchangeable (with probability p;)
with the other strata, or nonexchangeable with the other strata (with probability (1 - p;)). This increases the
robustness of the model to certain strata being not exchangeable with the others. More than two exchangeability
groups may be specified in the model, although they can be difficult to fit depending on the amount of data
available. Currently, exnexstan only supports a single exchangeability group.

We write out the model in mathematical notation below. For clarity, we use the names for the prior values as
given in the code.

Z; ~ Bernoulli(p;) Indicator variable of EX vs NEX)

0; ~ Normal(mean = pz,sd = 7z,) Response probability on log-odds scale)

NEX standard deviation)

—~r \

Tp = nex_prior_sd

~r 1/ . . -\

(
(

[y = nex_prior_mean (NEX mean)
(



EXNEX
Scenario

Binary outcome

 1,2.3,4,5 columns
are platform sub-
studies

* Numbers at top of
each column are
#AEs / cohort
sample size, and
associated rate

* Dotted lines are
true event rate

Scenario 1 (All-low)
1 2 3 4 5

1.0- 1/20  2/40  3/60  4/80  5/100
0.05 005 005 005 0.5

0.8-

0.6-

0.4+

0.2-

TR VR WONPTIrwY

0.0 -
Scenario 3 (Mixed)

1 2 3 4 5
10- 10/20 20/40 15/60  4/80  5/100

0.5 0.5 0.25 0.05 0.05
0.8-
0.6 -
0.4 -

0.0 -

Scenario 2 (All-high)

1 2 3 4 5
1.0- 10/20 20/40 30/60 40/80  50/100
0.5 0.5 0.5 0.5 0.5

0.8-
0.6-
0.4 -
0.2-

0.0-

Scenario 4 (Low outlier)

1 2 3 4 5
1.0-  4/20 8/40 3/60  16/80  20/100
0.2 0.2 0.05 0.2 0.2
0.8-
0.6-
0.4 -
o.2-—+—-——+—- -—-+—--—+—-
0.0 4

1.0-

 Smaller credible intervals
vs stratified models

* OQutlier scenario estimates
still resemble true rate
(unlike some EX models)

Exchangeable (EX)
+ EXNEX
Stratified (NEX)

Scenario 5 (High outlier)

1 2 3 4 5
4/20 8/40 36/60 16/80  20/100
0.2 0.2 0.6 0.2 0.2

0.8 -

0.6 -

0.4-

0.0 -



More on Gene Therapy Drug Development FREZLEETRE G it =

Available from https://www.routledge.com and other
booksellers Development of
19 chapters from experts in industry and academia, with a Ger_‘e Themples
Strategic, Scientific, Regulatory,

focus on strategic and operational considerations from I
. . and Access Considerations
multi-stakeholder perspectives

Three recent publications on GTx trial design & analysis:

Clinical Pharmacology
& Therapeutics

Clinical Pharmacology
& Therapeutics

Edited by Avery Mcintosh
and Oleksandr Sverdlov



https://www.routledge.com/Development-of-Gene-Therapies-Strategic-Scientific-Regulatory-and-Access/McIntosh-Sverdlov/p/book/9781032136554

